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I. INTRODUCTION
One of the most interesting issues in black hole physics is the information loss problem [1] . It is related to the unitarity and the fundamental predictability of quantum gravity. After a black hole evaporates via Hawking radiation [2] , can we restore information from the Hawking radiation or not? To our best knowledge, the only situation in which the unitarity is believed to be maintained is the case of asymptotically anti de Sitter (AdS) space via AdS/CFT correspondence [3] , though the detailed mechanism has not been well understood.
There are a number of candidates that try to explain the information loss problem by a constructive way. First, let us summarize them with comments on their potential problems.
1. Information loss exists [1] . In this case we encounter a serious problem in the formulation of quantum field theory [4] .
2. Black hole complementarity holds [5] , and information will be recovered by Hawking radiation [6] . But, there are some counterexamples [7] [8] [9] that show its inconsistency. Namely, the black hole complementarity allows the explicit duplication of information. A recent discussion given in [10] is in the same line and also shows the inconsistency.
3. Information remains in small remnants at the final stage of the evaporation. This is connected to the regular black hole picture [11] . However, this would violate the area-entropy relation log N = A/4, where N is the number of states and A is the area of the black hole. That is, this scenario naturally leads the situation that a small remnant, presumably a Planck size object, carries a huge amount of information [12] . Can this be possible?
4. Information is stored in large objects [13] , for example in fuzzballs [14] or at firewalls [10] . In this picture it is difficult to imagine what would happen to an in-falling observer. Would an in-falling observer be destroyed? If so, what would be its effects to an asymptotic observer [9] ? If not, then is it free from the problem of the black hole complementarity [8] ?
5. Information disappears to other universes through the creation of a false vacuum bubble inside the event horizon [15, 16] . This is an interesting possibility but does not seem to have sufficient generality.
6. Information is stored in the form of quantum entanglements between the outgoing Hawking radiation and the infalling matter [17] . This may be possible under some special assumptions.
But up to now, no rigorous idea has been proposed that may cover general situations [18, 19] .
7. There is effective loss of information [20, 21] , but not at the fundamental level. This means that there is no classical observer who can read information from Hawking radiation, although information can be recovered by an ideal asymptotic observer. Then, what is the difference between the classical observer and the asymptotic observer? Can there be an explicit example?
In this paper, we focus on this last possibility. Namely, the idea is that to understand the information loss problem, one has to include not only perturbative effects (e.g., Hawking radiation), but also non-perturbative effects that contribute to the entire wavefunction. However, because no explicit example has been constructed the physical meaning of the non-perturbative effects was not clear. Can information be encoded in Hawking radiation or in a completely different form?
To deal with this problem, in this paper, we study the motion of a thin-shell vacuum bubble and its quantum tunneling in AdS space. We impose the spherical symmetry and assume that both inside and outside of a shell are described by Schwarzschild-AdS space but with different mass and vacuum energy. For the interior of a shell, we set the mass parameter zero so that it is a pure AdS space (true vacuum). For the exterior of a shell, we assume a positive mass parameter and a vacuum energy higher the true vacuum (false vacuum).
In this situation, there are three possible types of classical solutions for the motion of a shell: time-symmetric expanding and collapsing solutions (referred to as symmetric collapsing solutions below for simplicity), time-symmetric bouncing solutions (bouncing solutions), and timeasymmetric solutions which either expand from the past singularity to the boundary or vice versa [22] . Which types of solutions are allowed depends on the model parameters. If a setup allows both symmetric collapsing and bouncing solutions, then a collapsing bubble can tunnel to a bouncing bubble.
The tunneling of a collapsing vacuum bubble was already investigated by Farhi, Guth, and Guven, as well as Fischler, Morgan, and Polchinski [15] . However, their interest was in false vacuum bubbles that would induce inflation. Recently Gregory, Moss, and Withers [23] observed that tunneling from a collapsing bubble to an expanding bubble can mediate the disappearance of a black hole. However they only considered the de Sitter background and hence there was a bound on the mass parameter. If the mass is bounded, then perturbative effects (Hawking radiation and its backreaction) may dominate and hence the physical significance of the tunneling solution becomes unclear. In contrast, in the AdS background, one can consider a sufficiently large mass parameter which gives an eternal black hole so that the perturbative effects are always small. Then the non-perturbative effects become essential.
Thus, we will show that the thin-shell tunneling in AdS has an important meaning on the information loss problem. We argue that this is an explicit example for the seventh possibility listed above: effective loss of information. We do not claim that it may be applicable to all possible cases of the black hole evaporation. Nevertheless, this explicit construction shows the exact meaning of the effective loss of information: information is restored for the asymptotic unitary observer while the usual classical (most probable) observer loses information. Furthermore, the difference between the unitary observer and the classical observer resolves the contradiction between the unitarity and equivalence principle, which was the motivation for the introduction of the firewall [10] .
The paper is organized as follows. In Section II, we discuss details of the conditions that allow tunneling from a collapsing bubble to a bouncing bubble. In Section III, we consider the tunneling and its causal structure, as well as the physical meaning in the light of the information loss problem.
Finally, in Section IV, we summarize our results and discuss possible future directions.
II. THIN-SHELL BUBBLES IN ADS SPACE
In this section, we construct thin-shell bubble solutions in the AdS background.
A. Junction equations
We consider spacetime with the metric,
where the suffices ± denote the exterior (+) and interior (−) of a thin-shell. The AdS radius ℓ ± is related to the vacuum energy density ρ ± (< 0) as
If ℓ − < ℓ + , it is a true vacuum bubble, and if ℓ − > ℓ + , it is a false vacuum bubble. In this paper, we are interested in the case of a true vacuum bubble, so we assume ℓ − < ℓ + . In addition, we consider the case when the inside is a pure AdS space (pure true vacuum). Hence we assume M + > 0 and
We denote the radius of the shell by r. Then one can express the intrinsic metric on the thin-shell as
The equation of motion of the thin-shell is determined by the junction condition [24] :
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Signs of ǫ ± for collapsing and expanding shells.
where σ is the surface tension which is assumed to be positive, and ǫ ± are the signs of the extrinsic curvature of the shell in the two-dimensional (t, r)-space. Namely, ǫ ± = +1 if R increases along the outward normal of the shell and ǫ ± = −1 if R decreases along the outward normal.
B. Signs of extrinsic curvature and causal structure A short manipulation of the junction condition gives a simpler formula:
where
Thus the problem reduces to a simple one-dimensional motion with the effective potential V (r).
However, the price to pay is the loss of information about the signs of ǫ ± .
To recover the signs, we have to check the signs of the extrinsic curvatures:
Thus the signs of β ± determine those of ǫ ± . Since we assume σ > 0, the possible cases are:
(1) ǫ + = +1 and ǫ − = +1.
(2) ǫ + = −1 and ǫ − = +1.
An immediate consequence of our assumption that σ > 0 is
Hence ǫ ± must be positive in the limit r → 0. In addition, since ℓ − < ℓ + , we see β − > 0 as r → ∞. Thus ǫ − = +1 for both r → 0 and r → ∞. This excludes the cases (3) for both symmetric collapsing and bouncing solutions. As we will discuss below, since we are interested in the case when the quantum tunneling may prevent the appearance of an event horizon, the case (2) is also excluded. This leaves only the case (1) as relevant.
C. Existence of solution
Because of Eq. (5), the only allowed region is where V (r) < 0. Keeping this in mind, we define the symmetric and asymmetric solutions as follows:
If there is a point r * at which V (r * ) = 0 and either V (r < r * ) < 0 or V (r > r * ) < 0, then the allowed regions are either 0 < r ≤ r * or r * ≤ r < ∞. For the former, the shell radius expands from zero, becomes maximum at r = r * , and collapses to zero again. For the latter, the shell radius contracts from infinity, becomes minimum at r = r * , and expands to infinity again. Both of these solutions are symmetric under time reversal. So we call them symmetric solutions.
Asymmetric solution:
If there exists no zero point of V (r), we must have V (r) < 0 for all r. In this case, either the shell radius increases from zero to infinity or decreases from infinity to zero. We call them asymmetric solutions.
What we are interested in is tunneling from a collapsing bubble to an expanding bubble without forming an event horizon. This kind of tunneling may happen between symmetric collapsing and symmetric bouncing solutions. So we require the existence of both symmetric collapsing and bouncing solutions. Moreover, we require that the exterior of the expanding shell after tunneling should contain the spatial infinity of the Schwarzschild-AdS space. This means ǫ + > 0 in the limit r → ∞. These requirements are realized by the following conditions:
1. V (r) has a unique maximum at r = r 0 at which V (r 0 ) > 0.
2. For 0 < r < r 0 , V (r) is monotonically increasing, and V (r) < 0 as r → 0.
3. For r 0 < r < ∞, V (r) is monotonically decreasing, and V (r) < 0 as r → ∞.
The first three conditions imply the existence of two zero points, say r (a) and r (b) (where r (a) < r (b) ) such that V ′ (r (a) ) > 0 and V ′ (r (b) ) < 0. Below we examine these conditions.
r → 0 limit
For r → 0 limit, V (r) is expanded by
Therefore V (r → 0) < 0 is always guaranteed for M + = 0 (> 0).
r → ∞ limit
For r → ∞ limit, V (r) is expanded by
Therefore, the condition V (r → ∞) < 0 means
In other words,
or
Here we consider the condition that β + > 0 as r → ∞. We have
Thus we must require A > 0. Hence Eq. (13) is the relevant condition. Here we note that A > 0 is equivalent to
Comparing this with Eq. (13), we see that the positivity of A is automatically guaranteed if ℓ − < ℓ c . with either positive and negative roots. Since r must be positive, this means the point r 0 is unique if it exists. Hence V (r) is monotonically increasing for 0 < r < r 0 and monotonically decreasing for r 0 < r < ∞. The value at the maximum V (r 0 ) may be expressed as
Note that for the critical case ℓ − = ℓ c (A = A c ≡ 8πσ/ℓ + ), V (r) → +1 as r → ∞ (see Fig. 2 ).
Therefore, if the value of ℓ − (or A) is very close to the critical limit, the positivity of the maximum This condition can be intuitively understood as follows. If the effect of gravity is relatively weak, the energy of the system can be approximated by three factors, the kinetic energy due to the velocity of the shell, the contribution of the tension, and the vacuum energy difference. Since we are considering the tunneling process, we may focus on turning points where the kinetic energy is zero. For the existence of the tunneling, there should be two turning points. The radius of a turning point should approximately satisfy the following relation:
or equivalently,
This implies that for the true vacuum case (ℓ
, it is possible to have two solutions for r > 0. When the tension is small enough, this corresponds the condition that ℓ − < ℓ + ∼ ℓ c .
Hence, our condition ℓ − < ℓ c physically means that, when the bubble tunnels to a larger one, the inner true vacuum should be deep enough to compensate the increase in the energy contribution from the tension.
To summarize, for any given M + , ℓ + , and σ, if we choose ℓ − to satisfy the condition (13) with the value almost saturating it, that is, ℓ − ℓ c , the value of A becomes close enough to its critical value so that V (r 0 ) > 0 is guaranteed, one can always find these two kinds of (i.e. symmetric collapsing and bouncing) solutions. The causal structure of a symmetric collapsing shell is depicted in Fig. 3 and that of a bouncing shell in Fig. 4 . In these figures, the yellow colored regions correspond to the interior of the shell and the green colored regions are the exterior of the shell. In both figures the one on the right describes the bubble shell spacetime constructed by pasting the yellow region on the left and the green region in the middle together.
III. TUNNELING TO A BOUNCING SHELL
Let us assume that the model parameters are such that they allow the existence of both collapsing and bouncing solutions as discussed in the previous section. We now discuss the quantum tunneling between these two solutions.
A. Tunneling instanton
Let us first recall the causal structures of the symmetric collapsing and bouncing solutions as shown in the rightmost ones in Figs. 3 and 4 , respectively. A tunneling solution would join these two spacetimes on the surface of time-symmetry, t = 0. In the rigorous sense, the resulting spacetime describes tunneling from a shell expanding from a white hole to a bouncing shell expanding to infinity. Nevertheless, as done in the original paper by Hawking [2] , we may regard the expanding shell with the white hole structure (i.e. with a past horizon) as an analytical approximation to a more complicated, possibly non-analytical situation in which the spacetime is initially perfectly regular without any past horizon. Assuming the validity of this picture, Fig. 5 shows the causal structure of a realistic (so-called 'buildable' [22] ) spacetime endowed with the tunneling to a larger bouncing bubble.
At leading order, we may regards the tunneling to be mediated by instanton solutions, that is, solution in Euclideanized time τ = it. Let r = r(τ ) be the instanton that dominates the tunneling.
Then the tunneling probability may be evaluated as Γ ∼ exp[−B], where B is the instanton action given by [25] where
This is plotted in Fig. 6 . As seen from it L(r) diverges at the turning points,
However, the integration is finite, since it is in the form,
(finite terms)dτ ,
where the last equality follows from the Euclidean equation of motion, dr/dτ = ± V (r).
B. Interpretation
The most probable history is the spacetime that describes usual gravitational collapse and formation of a black hole, as depicted on the left in Fig. 5 . In this case, the black hole may become stable if ℓ + M + [26] . This means even if we include the semi-classical effect of Hawking radiation, the causal structure does not change. Namely, the black hole becomes eternal. Then after an infinite lapse of time, all correlations between inside and outside the event horizon will eventually be destroyed [20] . However, since the lifetime is infinite, even if the non-perturbative tunneling effect is exponentially suppressed, it cannot be neglected if it exists. Since there is no future event horizon nor singularity, correlations among any points will remain forever. The right figure in Fig. 5 shows such an example.
To make our argument more relevant in the context of AdS/CFT correspondence, let us consider a unitary observer at infinity, which we call the unitary boundary observer. When this observer computes CFT correlations at boundary, he/she gathers all possible contributions in the path integral. Among them, we have at least two solutions: one is the classical AdS black hole at thermal equilibrium (left of Fig. 5 ) with probability p 1 1, while the other is the quantum mechanical bouncing AdS bubble (right of Fig. 5 ) with probability p 2 ∼ e −B ≪ 1. For a classical boundary observer who sees the most probable history, the black hole exists forever and information will be swallowed by the black hole. Therefore, it becomes impossible for this observer to gather information from Hawking radiation, and hence he/she will see a thermal state in the end. On the other hand, a boundary observer for the spacetime which underwent tunneling can compute CFT correlations without any difficulty, since the entire causal structure in the bulk is trivial. In terms of a two-point function, what we have discussed in the above may be expressed as
In other words, information will be stored in the entire wavefunction, but the classical observer who experiences only the most probable history will effectively lose information. This leads to a very interesting, important consequence. The expectation value of the geometry for the unitary observer will be given approximately by
Apparently the geometry for the unitary observer g µν is different from that of the classical observer g
µν . Namely, g µν does not satisfy the classical Einstein equations while g (1) µν does. This explains why the assumption of the unitarity seems to contradict with the laws of general relativity [10] . In particular, this suggests that it is not necessary to introduce the firewall at all.
In fact, the inconsistency with classical general relativity and the unitary observer would see has been discussed extensively in the context of quantum cosmology. In quantum cosmology a classical geometry would appear only effectively in the superspace of 3-geometries where the wavefunction is peaked along a series of 3-geometries [27] . Commonly a single wavefunction can contain many classical geometries, and each classical geometry with separate history is realized with different probabilities [27, 28] . Perhaps, the omnipotent (unitary) observer can see every history. But we, the classical observers, can experience only one of them. Like this, in the black hole background, although we may think of an omnipotent observer who can gather all the information, it is not strange that the classical observers lose it.
Of course, our discussion is based on a very simple, toy model. So it is premature to say that we now know the detail process of how the initial information is restored. In particular, it is impossible to study the evolution of all possible initial states and the process of information restoration in our model. To do so, we would need to specify a field theoretical model in detail, which is beyond the scope of this paper.
However, the information restoration process can be discussed by using correlation functions [20] , at least partially. In terms of correlation functions, it is conceptually clear to see the restoration of correlations in spacetime with trivial topology. In the end, the restored correlation will be exponentially suppressed, which can be interpreted as a result of complicated entanglements of the information. This was discussed by Hawking [21] .
IV. CONCLUSION
In this paper, we studied the motion of thin-shell true vacuum bubbles in anti de Sitter background, and discussed the information loss problem. We focused on the case where the exterior of the shell is a Schwarzschild-anti de Sitter space and the interior is a pure anti de Sitter space, considered quantum tunneling from a collapsing bubble to a bouncing bubble.
Since such tunneling is a non-perturbative effect with a highly suppressed probability, for a classical observer who experiences the most probable history will see the formation of a black hole.
Hence the boundary observer would lose the information and find himself/herself in a thermal state. We note that in this case the spacetime satisfies the classical Einstein equations.
On the other hand, if such tunneling occurs, there will be no event horizon nor singularity in the spacetime. In this case, the spacetime does not satisfy the classical Einstein equations, but there is no loss of information because of the trivial topology. Consequently, an asymptotic observer on the boundary can gather all the information.
Thus we conclude that information is conserved if the non-perturbative tunneling effect is taken into account, while it is effectively lost for a classical observer who follows the most probable (i.e.
classical) history. This explains why the Einstein equations should be violated for the asymptotic unitary observer, since he/she should sum-over all possible histories. In particular, it is unnecessary to introduce the firewall.
Then the question is whether this kind of tunneling is universal or not. In this paper, we only considered for symmetric bubbles to find a well-defined tunneling process. One other interesting case is an asymmetric collapsing or bouncing bubble. Then we cannot apply the Euclidean technique to calculate a tunneling probability. However, quantum mechanically this is a scattering problem so that there can be a non-zero scattering probability from an incoming wave to a bouncing wave, though the dominant contribution will just reach the singularity and this will be interpreted as a classical trajectory of a collapsing asymmetric bubble. Although it is beyond the scope of our paper, if it is possible, then this will be strengthened our assertions.
On the other hand, if there is no solution that reaches the boundary (hence, only has symmetric collapsing solution), then it can be difficult to impose the tunneling argument. One comment regarding this is that this surely requires restricted parameters. However if the picture of string theory landscape [29] is correct, one expects almost certainly the existence of a region in the landscape where the parameters of theory allow such quantum tunneling. Then even if it is a tiny region in the landscape with an exponentially small probability, the existence of a single example of such tunneling is sufficient to recover information. However, in any case, it is fair to say that we did not prove the generality of our assertions; rather, the important meaning of our paper is that we have shown the effective loss of information, by using a definite example.
To strengthen our conclusion, there are a few points in our discussion which need to be improved.
One is the thin-shell approximation. To make our model more realistic it is desirable if we can introduce a scalar field and its potential that allows tunneling, and redo the whole analysis in this Einstein-scalar theory. Another is the approximation to use the white hole structure as the initial state. In reality, we want a perfectly regular initial state with some concentration of the scalar field energy in the bulk, which would form a true vacuum bubble and which would collapse to a black hole classically.
Related to the above, it seems almost certain that a black hole can form not only in the sea of false vacuum but also in the true vacuum. However, to study such a case, we would need to specify a detailed field theoretical model, which is again beyond the scope of this paper. Here we just would like to emphasize that we have presented a good explicit model that demonstrates how the effective loss of information occurs and how the information can be restored.
If we can construct realistic initial data in a field theoretical model and find an instanton that mediates tunneling to an expanding bubble, probably we may finally say that the information loss problem has been solved, at least in the AdS/CFT context.
